Abstract: As one kind of the main optical error sources in the resonant micro-optic gyro (RMOG), the optical Kerr-effect brings a nonzero bias to the output of the RMOG. The optical Kerr-effect induced bias error is proportional to the difference between the clockwise (CW) and counterclockwise (CCW) light-intensities input to the resonator. A new method for testing the optical Kerr-effect induced bias error in the RMOG is proposed and demonstrated. A square-wave intensity-modulated optical signal with a symmetrical duty ratio of 50% is achieved by an acousto-optic modulator (AOM), thus making the input-intensity mismatch between the CW and CCW lightwaves change periodically. In this way, we obtain the optical Kerr-effect induced bias errors that vary periodically in accordance with the variation of the square-wave signal. The experimental results show a good agreement with the theoretical value. Moreover, the testing result of the closedloop RMOG is consistent with the open-loop one. The above method is insusceptible to other noise, such as the backscattering-induced noise and the polarization fluctuation.
Introduction
Optical gyros based on the Sagnac effect [1] are insensitive to vibrations and acceleration and are capable of handling a large range of rotation rates. Optical passive resonant gyros are classified into two types. One is the Resonant Micro Optic Gyro (RMOG), which is studied in this paper, and the other is the Resonant Fiber Optic Gyro (RFOG), which uses a fiber-type ring resonator. A waveguide-type ring resonator (WRR), a key part of the RMOG, is a closed coupler constructed by waveguides. The RMOG integrates individual optical elements into a common substrate, which immensely enhances the robustness and reliability. Therefore, RMOGs [2] - [4] can meet the demands of size, cost and power reduction. A lot of progress has been achieved since RMOGs were proposed [5] - [7] , but more effort is still needed to make it practical.
The three major nonreciprocal error sources of the resonant gyros have been considered as backscattering-induced noise, polarization fluctuation, and optical Kerr-effect. These three error sources limit the gyro sensitivity far greater than the shot noise associated with the photodetectors. The backscattering-induced noise is caused by the nonuniformity of the waveguides which construct the resonator. It is likely to be short-term noise and can be reduced dramatically by the carrier-suppressed phase modulation technique [8] , [9] . The polarization fluctuation-induced noise is dominantly caused by the existence of dual eigenstates of polarization (ESOPs) in the resonator. In the RFOG, an improved scheme for decreasing the polarization error by inserting two polarizers in the polarization-maintaining fiber (PMF) transmission-type resonator with twin  90  polarization-axis rotated splices has been proposed and demonstrated, and a bias stability  below 2 =h is successfully demonstrated [10] , [11] . However, this scheme is not suitable for the RMOG whose resonator is an integrated optical waveguide chip. Therefore, the polarization fluctuation is still a serious noise limiting the long-term bias stability of the RMOG, though confining the temperature of the WRR to a reasonable scope and using components with high polarization extinction ratios can reduce the polarization fluctuation-induced noise [12] . The optical Kerr-effect is a nonlinear effect in which the optical intensity affects the refractive index and therefore the phase delay encountered when the light traverses a medium. The optical Kerreffect induced bias error is proportional to the light-intensity difference between the CW and CCW lightwaves input to the resonator [13] - [15] , [19] , [20] , and the light-intensity fluctuations would affect the long-term bias stability of the RMOG. Above all, the polarization fluctuation and the optical Kerr-effect affect the long-term bias stability of the RMOG collectively. To truly quantify the contribution of the optical Kerr-effect, the evaluation should be insusceptible to the polarization fluctuation. Inserting a variable attenuator to adjust the input-intensity between the CW and CCW lightwaves, the optical Kerr-effect induced bias error in the RFOG was tested [14] , [20] . This evaluation method is not suitable for the RMOG due to the existence of the large polarization-induced drift in the RMOG [12] . We change the input-intensity mismatch between the CW and CCW lightwaves periodically, thus leading to the optical Kerr-effect induced bias error to vary periodically in accordance with the variation of the intensity-modulated signal. The aforementioned method is insusceptible to the polarization fluctuation. The optical Kerr-effect in both the open-loop and closed-loop RMOGs, for the first time, to the best of our knowledge, is successfully tested and analyzed.
The sinusoidal wave phase modulation technique has been widely applied to resonant optical gyros [16] . The input light to the resonator is phase modulated at a frequency of f m . The first harmonic demodulated signal used to determine the resonant frequency of the resonator is obtained from demodulating photodetector (PD) output signals at the frequency of f m . High harmonic components from the PD output are usually filtered from the demodulator bandwidth [16] . The second harmonic demodulated signal can be obtained by demodulating the PD output at a frequency of 2f m . There is a linear relationship between the second harmonic demodulated output and the light-intensity input to the WRR [18] . As a result, we can obtain the input-intensity by testing the second harmonic demodulated output. The input-intensity mismatch between the CW and CCW lightwaves is achieved by applying a sinusoidal wave with variable period amplitude to an acousto-optic modulator (AOM). The input-intensity mismatch is obtained by testing the second harmonic demodulated output. Meanwhile, we test the gyro output in real time. Thus, the optical Kerr-effect induced bias error can be measured and it is insusceptible to the polarization fluctuation. [8] . The sinusoidal modulation signal generators SG1 and SG2 use the coordinate rotation digital computer (CORDIC) algorithm [22] to generate frequency-adjustable signals to drive four phase modulators. Two lock-in amplifiers LIA1 and LIA2 demodulate the CW and CCW signals converted by photodetectors PD1 and PD2. LIA1 demodulates the CW signal, which is used as an error signal to lock the laser frequency to the resonant frequency of the CW lightwave in the WRR through a proportional integral (PI) module. The demodulated signal of the CCW lightwave from LIA2 is used as the open-loop output of the rotation rate. All the processing circuits are implemented in a field programmable gate array (FPGA) instead of instruments. Two AOMs are inserted as shown in Fig. 1 . These two AOMs can be used not only frequency shifters but also light-intensity modulators. The frequency and intensity of the light passed through the AOM are controlled by the driving signal from a direct digital synthesis (DDS), so the two AOMs can be used as not only frequency shifters but also light-intensity modulators. The central frequency of the AOM used in our experiment is 55 MHz, and its 3-dB bandwidth is 6 MHz. The laser beam is split into two beams by a 3-dB coupler C1. Each beam is passed through an AOM. The DDS modules are used to generate sinusoidal driving signals whose amplitude and frequency are tunable, thus tuning the frequency and intensity of the laser beam after passing through the AOM. In the open-loop RMOG, the amplitudes of the driving signals from DDS1 and DDS2 change according to the square-wave to make the light-intensity input to the WRR change correspondingly, and the frequencies of the driving signals from DDS1 and DDS2 are all fixed at 55 MHz. In the closed-loop RMOG, the amplitudes of the driving signals from DDS1 and DDS2 also change according to the square-wave and the frequency of the driving signal from DDS1 is fixed at 55 MHz, but the frequency of the driving signal from DDS2 is tunable to establish the secondary closed-loop. The frequency difference of these two driving signals is used as the closed-loop output of the rotation rate.
Principles and Analysis
The second harmonic lock-in amplifiers LIA3 and LIA4 demodulate the detected signals from PD1 and PD2 by 2f 1 and 2f 2 for the CW and CCW lightwaves, respectively. The demodulated outputs from LIA3 and LIA4 can be converted to the input light-intensity of the CW and CCW lightwaves to the WRR, which is a benefit from their linear relationship [18] .
The optical Kerr-effect is a nonlinear effect in which the optical intensity affects the refractive index and therefore the phase delay encountered when light traverses a medium. It is a thirdorder optical nonlinearity due to the formation of a nonlinear refractive-index grating caused by the presence of two counter-propagating waves [17] . If the light-intensity of the CW and CCW lightwaves differs, a small nonreciprocal phase error will be produced, while a nonzero bias appears at the gyro output [13] - [15] . The fluctuation of the light intensity affects the gyro bias stability.
The difference in the propagation constant Á of the two lightwaves is proportional to the difference in input-intensity ÁP between the two lightwaves and can be expressed as [17] where $ is a nonlinear susceptibility coefficient proportional to the Kerr nonlinear susceptibility 1 ð3Þ , and A is effective cross-sectional area of the silica waveguide.
The relationship between $ and 1 ð3Þ is [19] 
where n is the refractive index, c is the light velocity in vacuum, and ! is the angular frequency. Therefore, we can obtain the relationship between !, $, and 1 ð3Þ :
where ! is the light wavelength. Besides, in fused silica, 1 ð3Þ is 5 Â 10 À15 esu. $ is 7:4 Â 10 À11 cm/W at a wavelength of 633 nm [19] , and therefore, at a wavelength of 1550 nm, $ is 3:02 Â 10 À 11 cm/W.
Finally, the rotation-rate error k induced by the phase error coming from the propagation constant difference can be expressed as [17] :
where F is the finesse of the resonator, and D is the is the diameter of the resonator. In our experimental setup, 
Experiment and Discussion
The experiment setup of the RMOG is shown in Fig. 1 . Firstly, we test the finesse of the WRR. The sawtooth waves are applied to drive the piezoelectric transducer (PZT) of the laser source to test the resonance characteristic of the WRR. When the sawtooth wave is scanning, some frequency points will produce resonance in the WRR, and we can obtain the resonant curve of the WRR. The measured resonant curve is shown in Fig. 2 . The ring length of the WRR is 7.9 cm; thus, the free spectral range (FSR) of the WRR is calculated to be 2.61 GHz. The full width at half maximum (FWHM) of the WRR is 66.08 MHz from Fig. 2 . Therefore, the finesse of the WRR is calculated to be 39.5. Next, we test the gyro output bias error induced by the intensity-modulated optical signal input to the WRR. Firstly, the laser frequency is locked to the resonant frequency of the CW lightwave in the WRR, and at this moment, there is a linear relationship between the second harmonic demodulated output and the light-intensity input to the WRR. We collect the second harmonic demodulation output in real time, and the collecting result is transmitted to the computer through the serial port to be saved. By this linear transformation, we can obtain the light-intensity input to the WRR in real time. Then we periodically change the amplitude control word of DDSs to adjust the light-intensity passing through AOMs to change the input-intensity mismatch, causing the gyro output changing periodically. Fig. 3 shows the intensity-modulated light signal input to the WRR and the observations of the bias errors of the gyro output in the open-loop RMOG with different periods. Figs. 3(a) and (c) show the achieved square-wave intensity-modulated optical signal with a symmetrical duty ratio of 50% which is detected through the second harmonic demodulated output. Figs. 3(b) and (d) show the measured optical Kerr-effect induced bias error. As seen in Fig. 3 , the bias errors of the gyro output vary periodically in accordance with the variation of the square-wave signal. We can obtain the rotation-rate error per microwatt of the input light-intensity mismatch Á k =ÁP ¼ 11:6 =s/mW from Fig. 3(b) , and Á k =ÁP ¼ 11:0 =s/mW from Fig. 3(d) , which are in a good agreement with the theoretical calculated value. In addition to periodical bias errors of the gyro output, large drift errors also appear at the gyro out as shown in Fig. 3(d) . As the observation time increases, the polarization-induced drift increases. The influences of the polarizationinduced drift can be removed from the measurement of the optical Kerr-effect for the periodical characteristics of the latter.
The closed-loop operation enables the RMOG to acquire good linearity and large dynamic range [21] . In the closed-loop RMOG, two AOMs are used as frequency shifters and light-intensity modulators. In the closed-loop RMOG, the center frequency of the AOM can be tuned from 52 MHz to 58 MHz, which gives a tuning range of 6 MHz. After being frequency shifted by the AOMs, the two beams, which are now labeled E CW and E CCW , are coupled into the WRR. E CW is coupled along the CW direction and E CCW is coupled along the CCW direction. A primary feedback loop holds the frequency of E CW at the resonant frequency of the CW lightwave by controlling the laser frequency through the servo PI. The driving frequency F 1 from DDS1 is fixed at 55 MHz. However, the frequency F 2 from DDS2 is tunable, which constitutes the secondary feedback loop. The output from LIA2 is fed back to DDS2 to tune F 2 and holds the frequency of E CCW at the resonant frequency of the CCW lightwave in the WRR. The frequency difference between the driving signals from DDS1 and DDS2 gives out the rotation rate of the closed-loop RMOG. Fig. 4 shows the intensity-modulated light signal input to the WRR and the observations of the bias errors of the gyro output in the closed-loop RMOG and the change period is 240 seconds. From Fig. 4(b) , we can obtain the rotation-rate error per microwatt of input lightintensity mismatch of Ák=ÁP ¼ 11:6 =s/mW, which is in a good agreement with that from the open-loop case.
From these testing results, we can obtain that by this testing way, the optical Kerr-effect induced bias error in the RMOG is tested, and the testing results are in good agreements with the theoretical evaluation. Furthermore, the testing results are insusceptible of the testing ways, such as the testing time and the change period. Besides, the testing results in the open-loop RMOG are in good agreement with those in the closed-loop one.
Conclusion
By combining with the square-wave intensity-modulation and the second harmonic demodulation techniques, the optical Kerr-effect induced error in the RMOG is successfully obtained. This new measurement is insusceptible to the polarization fluctuations in the RMOG. The optical Kerr-effect is approximately 11.6 =s/mW, which is relatively small as compared to other optical noises in the RMOG, such as the backscattering-induced noise and the polarization fluctuations. However, it should take countermeasures for a high-performance RMOG. 
